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SYSTEMS FOR MEASnUNG THE RESPONSE 
STATISTICS OF GIGAHERTZ BANDWIDTH PHOTOMULTIPLIERS 

James B. Abshire and H. Edward Rowe 

Introduction 

Photomultipliers have been used in precise optical detection and timing appli- 
cations for marty years due to their high sensitivity and fast response times. 

These applications include subnanosec'ond fluorescence spectroscopy, ^ optical 
2 3 

communications, and laser ranging. Recent advances in laser and photo- 
multiplier technoloples have led to lasers with output pulse widths of less than 

4 

50 picoseconds (ps) and photomultipliers with handwidths in excess of 3 GHz. 
The increasing use of short pulse<l lasers in optical detection and timing appli- 
cations makes the characterization of photomultipliers used with these optical 
sources mandatory. 

lliis document describes measurement systems developed at the Cioddard 
Space Flight Center (GSFC) for measuring four of the most important photo- 
multiplier response characteristics at 0.53 pm. These measurements include 
the average impulse response, the pulse height spectrum, the mean and root 
mean squared electron transit times as a function of signal level, and the noise 
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pulse-ainplitudc Hpcctrum of the photomultiplier. The first three measurements 
utilize n fast transient digitizer and minicomputer data processing. The timing 
sysiem can resolve less than 20-ps (rms) time jitter and mean transit time 
changes of less than 15 ps. 

Maity components of these systems were developed for GSFC’s high-data- 
rate, short-pulse laser data-relay program* and now are used in lalxiratory 
devices to support comp<ment development for GSFC's laser ranging program.®^ 
Test results &'om evaluating seven photomultipliers using these systems has been 
recently |nil)lished. ’ 

Measurements show that the 0. 53-pm pulse used as an oficical test sourc*e has 
loss than 50-ps rise time and less than 70-ps pulse width. Calibration data showed 
the system resolution to be less than 20 ps for rms transit-time measurements. 

T>"plcal test data for a static crossed-field photomultiplier showed less 
than 30-ps rms time jitter over the 1- to 100-photoelectron range. Measurements 


♦M. Fitzmaurice, "Laser Data Relay Link Program," NASA/GSFC Internal 
Publication, August 1973. 

tM. . Fitzmaurice, P. O. Minott, and VV. D. Kahn, "Development and Test- 
ing of a Spaceborne Laser Ranging System Engineering Model," NASA/GSFC 
X-723-75-30 7, November 1975. 
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of the dark-count apectra for the same detector show little change in the distri- 
bution of dark counts with average anode current for signals above 1 photoelectron. 

Average Impulse Response Measurement System 

Figure 1 shows the system used to measure the average impulse response 
of optical detectors. Short 1.06~(/m pulses are generated at a 400-Mpps rate 
from a mode-locked Nd:YAG (reodymium yttrium aluminum garnet) laser'^ and 
directed into a high-speed 1.06-pm modulator.® A fraction of the 200-Mllz 
drive to the laser's acousto-optic mode-locker was diverted to a 2 x 10^ count- 
down circuit. The circuit, which was built at GSFC of standard MFCL-111 
components, outputs a square-wave pulse 10^ times per second synchronously 
with the laser mode-locked pulses. Part of the pulse energy is used to trigger a 
sampling timebase, while the remainder is differentiated by a small capacitor. 
This differentiation results in a 2-ns-wide voltage spike at the b •.i Jing and 
trailing edges of each square-wave pulse. The resulting pulse train is delayed 
by a delay box and serves as the signal source for the electro-optic modulator. 

The electro-optic modulator only triggers on the negative-going spikes from 
the signal input, and therefore only gates out laser pulses at a rate of lO'^ pulses 
per second. The remaining pulses are attenuated by a factor of 20 or more by 
the modulator. The gated laser pulses are directed into a nonlinear optical 
crystal, where approximately 1 percent of the incoming 1.06-^m radiation is 
converted to 0. 53 ^m. 
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Figure 1. Block Diagram of System for Measuring Detector Average Impulse 
Response 













The 1.06- and 0.53-Hni pulses are then directed into a mirror and a 0. 53-pm 
bandpass filter, which passes only the 0. 53-pm pulses. These pulses are then 
directed through a stack of optical attenuators to the detector under test. The 
optical beam is focused at this point and has a spot size of 2 mm or less. 

The electrical output of the detector is coupled directly to a sampling head, 
with no intervening cable to degrade the detector pulse risctlmc. The sampling- 
head signal goes through a sampling-head extender to the sampling vertical 
amplifier, which is mounted with the sampling timebase in a transient digitizer. 

The s^pled and digitized waveforms are then read and processed under program 
control by a minicomputer. 

The computer averages typically 100 sampled waveforms to reduce the sampling 
noise inherent in the sampling oscilloscope. The averaged waveform is then dis- 
played on the minicomputer graphics display and optionally hard-copied on an 
eiectrostati 3 printer-plotter. 

In testin,5 the speed or response of fast electro-optic or electronic devices, 
the finite risetimes of the signal source and measuring devices must be considered. 
For an electro.iic system consisting of a series combination of a pulse generator, 
an amplifier, and an oscilloscope, the observed risetime is related to the rise- 
times of the various units by: 

^r (observed) ® 1 ^ ^^'^(generator) ^ (amplifier) (oscilloscope) 

Q 

This equation is usually accurate to within 10 percent. 
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Figure 2 «hows the average pulse shape of the detected 1.06-pm laser pulse. 

This measurement was made by removing the optical biuidpass filter and detecting 
the 1.0«-pm laser pulses with an ultrafast avalanche photodiode (APD). The 
rlsetlme calculated for this detector is less th:m 30 ps. Figure 2 shows the 
combined risetimes of the 1,06-pm laser pulse, detector, and sampling oscillo- 
scope to be 05 ps, with the measured pulse full width at half maximum (FWIIM) to 
be 100 ps. By using cquatioi. 1 :md assuming that the sampling oscilloscope and 
APD each have risetimes of 30 ps, the risetime of the l.OG-^ laser pulse can 
be cidculuted to be approximately 10 ps. 

Availai)le instrumentation does not permit direct measurement of the 0.53-pm 
pulse shape. However, its pulse shape can be calculated, because, for low 
incident powers, the instantiuieous second harmonic power from the nonlinear 

11 1 “^ 

optical crystal is proportional to the square of the instataneous incident power. ’ “ 

Figure 3 shows Uie calculated 0. 53-pm pulse shape and shows u risetiine of 
50 ps imd a width of 70 ps FWIIM. Since the measured 1.00-pm waveshape was 
broadened by the measuring system before the 0. 53-pm pulse shape was computed, 
the actual 0. 53-pm pulse shape is narrower than that showm in figure 3. By using 
the corrected risetime of the 1.0(i-pm pulse as a basis for calculations, the actual 
risetime of the 0. 53-pm pulse can be calculated to be approximately 30 ps. 

The average pulse response of a high-speed static-crossed field photomulti- 
plier fV’arian 151 A/l.GL) is shown in figure 4 as a typical test result. By using 
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Figure 4. Varian 154 A/1.6L Average Pulse Response 




equation 1 ami absumlnK a laser puUo risetlme of 30 ps and on instrumentation 
risotime of 30 ps, the computed risotimo fur this dotcctor is 100 ps. Since 
the risotime of tl.e pulse shown is doKraded less than 10 percent, the pulse shown 
is effectively the response of this very fast detector to an optical impulse. Since 
tile static crosaud-Qcld photomultipUcr is one of the fastest photomultlpUurs 
presently axTiiltiljIc, this system should lx: capolile of measuring tlie response 
of all avnilnble high-speed photomultipliers. 

I*u I sc- Height Spectrum Measurement ?>y.st<‘m 

Th ‘t.u c of u photomultiplier's pulse-height specircm iu essentially deter- 
mined by the secondary emission gain of its first dynode. ITu! development of 
dynodes with high-gain secondary emitters such as cesium-activated gallium 

phosphide (GaP(cs)) has aiL.iinaUd with the development of photomultipliers with 
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up to 5-photoelectron resolution. ’ Since then, the pulse-height resolution of 
tliesc photomultipliers has become an actHc topic for lioth statistic;i] modeling 
nndexperimcnt.nl measurements.^^ 

in most of the pulse-height measurements referenced aliove, the detector 
undi^r test is either weakly illuminated with a dc continuous light source or short 
light pulse from a commercially available light pulscr. Each output from the 
photomultiplier is directed into a multichannel pulse-height analyzer, where 
the cx)unt for the mea.sured input channel number is Incremented. Increasing 
channel numbers in the multichannel analyzer correspond to increasing peak 
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puUc amplitudes from the photomultiplier. For photomuItiplierH with low Rains, 
the output pulse is sometimes preampliflcd before the multichan>iel analyzer. 
Commercial multichannel analyzers cannot directly analyze input pulses with 
widths less then 2SC ns, and therefore must be used with pulse-shapinR amplifiers 
for testing fast photomultipliers. It is doubtful whether this technique is suitable 
for use with static crussed-field photomultiplieis, because no pulse-height spectra 
for these very fast detectors have been published. 

A technique for measuring the pulse-height spectra of ultra fast photomultipliers 
and typical experimental results for a static crossed-field photomultiplier w. il be 
presented in this section. The experimental system is shown in figure 5. The 
laser, modelock drive, electro-optic gate, nonlinear optical crystal, optical 
bandpass filter, and variable optical attenuator are identical to those used in 
ligure 1. I*»wever, the ME’CL-llI countdown circuit was modified to divide the 
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incoming 200 MHz by 2 x 1C by adding three additional divide-by-ten stages. 

This results in gating only ten optical pulses per second through the eiectro-optic 
gate. These pulses are frequency doubled, attenuated, and focused onto the 
photocathodr- of the detector under test, as was described earlier. The electrical 
output of the detector is sent through a wideband radio-frequency (RF) step 
attenuator, a Schottky diode pulse limiter, and two RF amplifiers. The purpose 
of the pulse limiter is to prevent any large ion-induced noise pulses from the 
photomultiplier from damaging the post-detection electronics. Pulses with 
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amplitude* in excess of 2UU mV are limited; oil pulses with peak signals txilow 
this voltage are passed through undistorU*d. As can be seen from the bandwidths 
for each component listed in figure 5, the effective Ixindwidth of the amplifier 
chain is limited by the last amplifier to 1 Mil/, through 1.5 Ciliz. 

The amplified signal is received ly a modified commercial transient digitizer* 
tlvit has a bandwidth of leyond 1 (Jllz and vertical sensiti«dfy of 2 mV per division. 

5 

For fast detectors with multiplication gains greater than 1 .< 10 , the external 
amplifier chain can lx; removed because the transient digitizer alone has suf- 
ficient sensitivity to display the single photoi'lectron pulses. 

A trigger pulse from the wuntdown circuit is delayed to compensate for 
system delays and triggers the timelxise usetl in the transient digitizer. This 
instrument digitizes low light level pulses, and the minicomputer processes the 
waveforms u* «ler program control. 

For each waveform digitized, the peak pulse amplitude and total change arc 
calculated by *he analysis program in the minicompuU*r as shovm in figure G. 
Histograms of lx>th the peak pulse amplitude and the total charge of each pulse 
are updated by the minicomputer for each waveform taken. Typical data runs 

♦The modification to the Tektronix K7912 transient digitizer was performed by 
the B&II Electronics Corporation and consisted of replacing the entire vertical 
channel of the lUgitizer with B&H 3000-series components. 
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Figure 6, 


Waveform Analysis for Pulse Height Spectrum 



arc of 10,000 counts and are processed at a four wavcform-pcr- second rate. 

The computer also updates an average waveform, which serves as a check 
for loser or mensurixig system drifts. 

As a typical measurement, figure 7 shows low light level histogram for the 
static crossed-field photomultiplier. Both the peak and charge histograms show 
clearly resolved pulse peaks at the 1- and 2-phoioelectron level. From this plot, 
the 1-photoelectron level of this detector was measured to l)e G. 5 mV, and the gain 
is measured to be 3. 1 x 10^. llie similar shape of these two histograms indicates 
that the detector anode pulse had little width variation, since any pulse-width 
changes on a pulse-to-pulse basis would degrade the shape of the peak histogram. 

The absolute position of the photoelectron peaks in the peak histogram is 
a function of measuring system bandwidth, since the measuring system risetime 
is much slower than the risetime of the static crossed-field detector. How iver, 
the peak hi the total charge histogram is not affected by the measuring system 
bandwidth limitation, because, even under these conditions the total c?*irge in 
the anode pulse is conserved. 

Transit- "'"ime Jitter Measurement 

The time resolution of photomultipliers with GaP(Cs) dynodes has been the 
subject of recent analytical and experimental research. 20-24 ^ typical 

measurement system described in these references, the test photomultiplier 
output was connected to one constant fraction discriminator, while either the 
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electrical pulse to a fast risetime light source or a reference photomultiplier 
output was connected to the other constant fraction discriminator. Thu timc-to> 
pulse-height converter produced a pulse whose height is |.roportional to the time 
difference between the two discriminator firings. Distributions were accumulated 
b> taking a large number of readings, usually when the test photomultiplier was de- 
tected signals of the 1- photoelectron level. Residual rms time jitters of as low 
as 34 ps have l>ecn reported for this measurement technique. 

Figure 8 shows the measurement system developed at GSFC. This system, 
which is based on measurements made using a fast transient digitizer, can resolve 
rms time jitters of 20 ps and average transit-time changes of 15 ps. 

'ITie laser, electro-optic gate, nonlinear optical crystal, optical bandpass 
filter, and amplifier chain are as in figure 5. The outgoing 0. 53-pm pulse is 
split into two paths, with half the energy going to a low-gain low-jitter static 
crossed-field photomultiplier, and the remaining fraction going through an optical 
attenuator stack and then to the detector under test. The electrical output of the 
test detector is receivcKl by the amplifier chain, is electrically summed with the 
reference detector output by a matched 50-ohm power combiner, and is digitized 
by the transient digitizer. A representative waveform input to the transient 
digitizer is shown in figure 9. 

The first pulse shown is the output from the reference detector; the second 
is from the test detector. For each detector tested, the electrical and optical 


17 


I 


<x 


i 







I 


Figure 8 


Block 



air 


of System for Measuring Detector Transit Time 



















Figure 9, 


Waveform Analysis for Transit Time Statistics 




(ioluys of the bystem arc (uljusted to eompensnte for the fixed transit timeb of 
the test detector and the amplifier chain. The waveform analysis program 
measures three timing quantities from each waveform digitized, with each 
measurement using the 50-percent rise-time point of the reference pulse as a 
common timing point. These delta times consist of the time interviils i>eween 
the 50-percent risetime point of the reference pulse to each of the 50-percent 
risetime, peak, and centroid points of the test pulse as shown in figure 9. The 
test-pulse amplitude is also measured. 

The use of a reference pulse eliminated the effect of any trigger Jitter in the 
waveform digitizer time base because any rmidom trigger jitter only delays the 
start of the sweep, so that the time difference l)ctwecn the reference and test 
pulses will not change. 

Transit-time statistics are compiled by processing many such waveforms 
and building histograms of the deMa-time valued measured on the waveform. 
Separate transit-time histograms are kept for each of the three detection 
strategies. 

The test-pulse height of each waveform is used to sort the set of delta-time 
measurements into one of ten possible amplitude values. Therefore, a total of 
30 histograms are stored, three for each detection strategy, with ten possible 
amplitude values for each strategy. During the data acquisition, the number of 
counts in each histogram is monitored, and the optical signal level to the test 
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detector is adjusted to obtain from 100 to 200 counts in each amplitude ievel. 

By analyzii^t this stored data with another minicomputer program, the mean 
value and standard deviation can be computed for each detection stratCKy ni 
each amplitude level. As a result, the mean and standard deviation of transit 
time for each detection strategy can be plotted as a function of the tejt detector 
anode pulse amplitude. 

To test the detector at higher signal levels, the gain of the amplifier chain 
can be reduced by adding electrical attenuation. By then removing optical 
attenuation, another data run can be made at this higher range of signal levels. 

In this way, the mean and rms time Jitters of photomultipliers can be measured 
from the 1 to 1000 photoclectron range. 

For calibration, a second low-gain static crossed-field photomultiplier was 
used as the test detector. The residual time Jitter of tho system was measured 
to be 17 pu. As a second calibration, the optical bandpass filter was removed, 
and l.OG-pm APD’s were used for both the reference and the test detectors. 

For this case, the test detector was mounted on a translation base that hod three 
fixed positions, each adding 6 mm to the optical path length. Fach shift in API) 
position should therefore correspond to a measured time shift of 20 ps. For 
each APD position, the average transit time was measured as a function of the 
test APD peak output voltage, and the results arc plotted in figure 10. As can 
be seen, the average transit-time carves show a < *10-ps time walk over the 
measured amplitude range. 
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Figure 10, Mean Transit Time Versus Pulse Amplitude for l.OG APD Time- 
Hcsolution Test with Deteetion Strategy as a Parameter 
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From figure 10, the average apacing l)etwoon each succcaaive detector 
poHition waa measured to be 25 pa. The error between meaaured time ahift and 
the actual time ahift cauaed by the tranalation base ia entirely the result of 
sweep-apeed inaccuracies in the time base of the transient digitizer. This 
constant timing error was easily calibrated out of subsequent data analyses. 

As typical measurement results, figure 11 shows the rms transit -time 
spread plotted versus signal level for the high-gain static crossed field photo- 
multiplier. It shows the measured rms Jitter to be less than 30 ps for the range 
of 1 to 100 photoolectrons. To the best of our knowledge, this is the lowest value 
reported for any photomultiplier. The mean transit time showed no measurable 
change over this signal range. 

Dark-Count Spectrum 

During testing of static crossed-field photomultipliers, large multiphoto- 

elcctron dark counts have been noted. These large dark counts are believed to 

originate from either photocathode bombardment from residual gas ions in the 
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photomultiplier or cosmic-ray interaction with the photomultiplier window. 
Measurements of the distribution of large dark counts are Important because 
this internally generated noise places a lower limit on the false alarm rate of 
detection and ranging systems using these detectors. 

Figure 12 shows the system used to measure this dark- count sp«ictra. A 
tungsten bulb connected to a variable dc source provides a method for varying 
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Figure 11. Rins Time Jitter Versus I»ulse Amplitude for Varian 154 A/l,(iL 
with Deteetion Strategy as a Parameter 
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the illumination on the photomultiplier photoeathode. 'I'he output from the 
detector under teet ia awitched either into a picoammeter to measure average 
:uiode current or into the amplifier chain described previously. 

The out|>ut of the amplifier chain is connected to the fixed threshold discrim- 
inator which has a threshold of 70 i 5 mV. The outi>ut pulses from this discrim- 
inator are counted by a frequency counter. By changing the electrical attenuator 
in the amplifier chain, the distribution of dark counts that exceed the threshold 
level can be measured. This measurement can in turn *'e repeated for different 
valued of average anmle current. The resulting curves show the dark-count 
distribution for photomultipliers with (<ontinuouK photocathoclc illumination using 
the average amxle current as a parameter. As typical data, figure 13 shows the 
dai'k-count distributions for the static crossed-field photomultiplier. These 
distributions were measured with averiige anode currents of 5, 50, 500, 2000, 
and 10, 000 nA. All curves show a sharp decrease in count rate in the 5- to 
11 -mV range, which corresponds to the single photoelectron emission range. 
Above this region, the dark-count spectrum docs not change appreciably over 
the 2000:1 range in average anode current. This would suggest that the mechan- 
ism for producing the dark counts i« independent of the average current through 
tnc photomultiplier. 
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Conclusions 


Systems have been described for measuring the average impulse response, 
the pulse-height spectrum, the transit-time statistics os a function of sigmil 
level, and the d:irk-count spectrum of gigahertz bandwidth photomultipliers. 
The systems for the first three measurements utilize a fast transient digitizer 
and minicomputer data processing. Measurements of a static crossed-field 
photomultiplier were presented as typic.al test data. 

'ITie new measurement systems were shown to have excellent amplitude and 
time resolution and offer a way to accurately characterize the response statis- 
tics of very fast photomultipliers. Such characterizations are necessary with 
the increasing use of lx>th short pulse lasers and gigahertz bandwidth detectors 
in a wide vjiriety of measurement systems. 
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